The structure of the very neutron-rich nuclei 39 Si and 41 Si has been investigated via in-beam γ -ray spectroscopy and few-nucleon knockout from radioactive beams. The observation of low-lying states in 39 Si is a clear evidence for a drastic lowering of the intruder neutron 3/2 − state when going from Z = 20 to Z = 14. The energy of the only γ -ray transition (672(14) keV) observed in 41 Si is significantly lower than that of the first excited state in 47 Ca (2014 keV) suggesting a deformed ground state for 41 Si. These results are consistent with large-scale shell-model calculations implying that strong protonneutron correlations are the main reason for the lowering of the intruder configurations over the normal ones.
Introduction
The nuclei in the vicinity of the N = 28 shell closure offer a fertile ground for studying the various aspects of nuclear forces and correlations. The change in the single-particle energies as a function of the proton and neutron numbers leading to the reduction of the N = 28 shell gap below 48 Ca, as well as that in the splitting between the spin-orbit partners of the neutron f 7/2 and p 3/2 or-* Corresponding author.
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bits, arises from the monopole terms of the nuclear interaction. In addition, correlations of a quadrupole character drive the development of a new "island of inversion" around 42 Si, where according to mean field [1] and shell-model [2] [3] [4] calculations, deformed intruder configurations fall below the spherical ones.
The development of the N = 28 island of inversion can be followed through the evolution in structure of the N = 27 isotones. In 45 Ar, a low-lying 3/2 − state has been observed at 537 keV above the 7/2 − ground state [5] . It has been shown via the 44 Ar(d, p) reaction that this state contains about half of the p 3/2 strength [3] . In 43 S, the ordering between the normal 7/2 − and the intruder 3/2 − states is changed. A low-energy 7/2 − isomer has been 0370-2693/$ -see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2011.08.004 discovered [6] connecting the 3/2 − ground state with a very low reduced transition probability B(E2). Based on the B(E2) and the measured g-factor, the 7/2 − isomeric state has been assigned to the ν f 7/2 spherical configuration [7] .
The observation of a deformed ground state [8] and a spherical isomeric 0 + state [9] in 44 S confirms that it is within the island of inversion. From the low energy of the first excited state, 42 Si is also expected to have a deformed ground state [10] . The slight decrease of the 2 + energy in 40 Si relative to the systematics was also invoked as an argument in favor of an enhanced collectivity [11] . The nuclei produced by the secondary fragmentation were selected using the SPEG spectrometer and identified by the E, time-of-flight and Bρ. The E was measured using an ionization chamber, while the time-of-flight was determined between the channel-plate detector located upstream of the target and a thick plastic-detector placed just behind the focal plane of the spectrometer. The Bρ was inferred from the trajectories of the nuclei, which were obtained using two pairs of drift chambers straddling the focal plane. By combining the Bρ and time-of-flight information, the mass-over-charge ratio can be derived to provide the identification matrix of the secondary fragments. The secondary target was surrounded by the 4π "Chateau de Crystal" array consisting of 74 BaF 2 scintillators to measure the emitted γ -rays. The individual detector threshold was set to about 100 keV. As the scintillators of the array were closely packed, an addback procedure was used to increase the photopeak efficiency leading to efficiencies of 38% at 779 keV and 24% at 1. could be reproduced with a 6 keV uncertainty, which corresponds to the systematic uncertainty of the energy determination.
Results
The γ -ray energy spectra for 39, 41 Si are displayed in Fig. 1 . In 41 Si, a clear peak is seen at 672 ± 14 keV. In the spectra for 39 Si, two strong γ transitions at 163 and 397 keV, as well as weaker ones at 303, 657, 906, 1143 and 1551 keV, were identified. The spectrum for 39 Si obtained using 1p knockout from 40 P is dominated by the 163 keV transition.
A γ γ -coincidence analysis was possible for 39 Si after adding together all the data from the various reaction channels. As shown in Fig. 2 , the 163 keV transition is in coincidence with the 657, 1143 and 1551 keV ones, but not with the 397 keV transition. The two within the experimental errors. Thus, they establish an excited state at 1304 keV. Although, the 303 keV transition is placed above the 401 keV state based on the γ γ coincidences and the intensity argument, it cannot be excluded that this γ -ray feeds a higherlying level. Based on the coincidence information, the 657 and 1551 keV transitions connect the levels at 817 and 1711 keV with the state at 160 keV, respectively.
Discussion
Given that the strengths of the Z = 14 (∼5 MeV at N = 28 [13] ) and Z = 20 (∼5.3 MeV between N = 22 and 26 [14] which we assign to the decay of a level at 672 keV (Fig. 4) . This is significantly smaller than the energy of the first excited state in 47 Ca, indicating that the two nuclei have very different struc- state -are separated by only 174 keV, while the other members of the multiplet are found above 1.43 MeV [18] . In 39 Si, the ground and the first excited states are separated by 160 keV and may also arise from the neutron f −3
7/2 configuration. However, the existence of other low-lying states in 39 Si reveals a structural change relative to 45 Ca and indicates the presence of low-lying intruder configurations already at N = 25.
These results point to a significant change in nuclear structure between the Ca and the Si isotopic chains. This feature could be accounted for by the decrease in size of the N = 28 shell gap by about 1 MeV in the Si nuclei compared to the corresponding Ca isotones, as it has been shown both for N = 20 [19] and 28 [20] . For instance, the N = 28 gap of ∼4.5 MeV in 48 Ca [14] is estimated to decrease to ∼3.5 MeV in 42 Si [20] . Thus, it may be assumed that the decreasing N = 28 shell gap is responsible for the lowering of the intruder configurations observed.
To verify this hypothesis, shell-model calculations were carried out using the SDPF-U interaction [2] with a closed proton Z = 14 core and the neutron f p-valence space. These calculations are labeled "neutrons only" in Figs. 3 and 4. As it may be seen in the level schemes reported in Fig. 3 , the low-energy structure of 39 Si is not fully reproduced by these calculations which rather predict a spectrum similar to that of 45 Ca, but more compressed in energy. Only two low-lying states are calculated, together with a high-density region of levels starting at 866 keV. The latter occurs lower in energy compared to 45 the calculated level density is also consistent with the experimental one. In 41 Si, two groups of low-lying states, centered around 750 keV and 150 keV, are predicted by the "full" shell-model calculations. These groups are separated by about 600 keV, which is close to the energy of the observed peak in the γ -ray spectrum at 672 keV. Note that, given its energy width, this line may correspond to a multiplet. The observation of γ lines from the lowest energy group of states is hampered for two reasons. First, they lie below the 150 keV threshold of the gamma-array. Second the 7/2 1 state in 41 Si, built principally on the ν f 7/2 orbit, is predicted to be an isomeric state with a half-life of about 400 ns similar to 43 S [6, 7] . Such a decay could not be observed here where only prompt γ -rays were detected. The "full" shell-model calculations, which predict a low-lying intruder 3/2 − state in 39 Si and a 3/2 − ground state for 41 Si, suggest that the order of the normal 7/2 − and the intruder 3/2 − states inverts between A = 39 and 41.
To better identify the respective contributions of the proton and neutron excitations to the onset of collectivity while approaching N = 28, the shell-model wave functions of the "normal" 7/2 1 and the "intruder" 3/2 1 states were analyzed in the heavy odd Si nuclei. As it may be seen in Fig. 5 , near N = 20 both the 7/2 − 1 and the 3/2 − 1 states exhibit clear neutron single-particle characters. Indeed, the wave functions correspond mainly (more than 85%) to 0-particle-0-hole and 1-particle-1-hole configurations, respectively. Conversely, when approaching N = 28, the amount of cross-shell excitations, i.e. the collectivity of the states, gradually increases in both the "normal" and "intruder" states. Despite the fact that the N = 28 shell gap increases by about 0.8 MeV per pair of neutrons added between N = 20 and 28 [14] , deformation develops as if N = 28 was at mid-shell. As it is shown in Fig. 5 , the role of proton and neutron cross shell excitations in the shell-model calculations increases with increasing mass, being a maximum for the ground state of 41 Si. Experimentally, the lowering of the intruder states is indicated by the increasing complexity of the level schemes of the odd Si nuclei with increasing mass number. The gradual increase of the ground state deformation has been revealed by (p, p ) studies of the even-even Si nuclei [21] .
To obtain a better understanding of which type of correlations induce the deformation at N = 28 in the Si chain, Fig. 6 presents the correlation energy of the 7/2 − 1 state calculated using three dif- ferent valence spaces: "neutrons only" in which the proton core is frozen; "N = 28 closed" in which the neutrons are frozen in the f 7/2 orbit, and "full" in which both protons and neutrons can be excited. From the "neutrons only" calculations, the contribution of the neutron-neutron correlations slowly increases with increasing mass number but saturates at N = 28. Calculations for the "N = 28 closed" case exhibit a single closed shell behavior with an increased correlation at the mid-shell. These two calculations are consistent with N = 20 and 28 shell closures. The role of the crossshell proton-neutron excitations can be deduced from the "full" calculations. These exhibit a steady increase of the correlations up to 15.8 MeV, rather than a saturation at N = 27. By comparing this to the estimated size of the N = 28 spherical gap of 3.5 MeV, up to 5-particle-5-hole configurations are possible, again suggesting that the nuclei around N = 28 rather behave as if they were at mid-shell. This observation may be connected with the fact that both the N = 28 and Z = 14 shell gaps occur within a major shell, i.e. the sd shell for protons and the f p shell for neutrons. As a consequence, 1-particle-1-hole quadrupole cross-shell excitations can also take place, which limit the energy required for cross-shell excitations in spite of there being relatively large shell gaps. In addition, the "normal" and "intruder" configurations have the same parity, which allows for mixing of the normal and cross-shell excitations resulting in deformation of the normal states, as well. Similar mechanism might dictate the energy of the intruder states in 78 Ni, where both the Z = 28 and the N = 50 shell gaps separate states from the same major f p and gds oscillator shells, respectively. This mechanism differs significantly from the development of island of inversion at N = 8 or N = 20, where the cross-shell excitations take place between different oscillator shells having different parity.
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